Respiratory supercomplex factor (Rcf) 1 is a membrane-bound protein that modulates the activity of cytochrome c oxidase (CytcO) in Saccharomyces cerevisiae mitochondria. To investigate this regulatory mechanism, we studied the interactions of CytcO with potassium cyanide (KCN) upon removal of Rcf1. While the addition of KCN to the wild-type mitochondria results in a full reduction of heme a, with the rcf1D mitochondria, a significant fraction remains oxidized. Upon addition of ascorbate in the presence of O 2 and KCN, the reduction level of hemes a and b was a factor of~2 larger with the wild-type than with the rcf1D mitochondria. These data indicate that turnover of CytcO was less blocked in rcf1D than in the wild-type mitochondria, suggesting that Rcf1 modulates the structure of the catalytic site.
The mitochondrial respiratory chain couples electron transfer from low potential donors to dioxygen, to proton transfer across the inner membrane. The free energy stored in the proton electrochemical gradient is used for transmembrane transport and synthesis of ATP. Complex III (cyt. bc 1 ) oxidizes ubiquinol and transfers the electrons to cytochrome (cyt.) c, which reduces Cu A , the primary electron acceptor of cytochrome c oxidase (CytcO). In CytcO, electrons are transferred from Cu A consecutively to heme a and then to the catalytic site, which is composed of heme a 3 and Cu B . When reduced, heme a 3 binds O 2 , which is reduced to water.
In the Saccharomyces cerevisiae respiratory chain, the respiratory supercomplex factors (Rcf) 1, 2 and 3 [1] [2] [3] [4] reside in the inner mitochondrial membrane where they mediate interactions between cyt. bc 1 and CytcO that form a supercomplex (for a recent review, see [5] ). In addition, Rcf1 modulates the activity of CytcO; however, the molecular mechanism underlying this functional interaction is unknown. Earlier studies have shown that removal of the Rcf1 protein results in a drop of the CytcO activity [2] [3] [4] 6] . Interactions of Rcf1 are stronger with CytcO than with cyt. bc 1 , but the Rcf1 protein is not a CytcO subunit. Instead, it has been suggested to associate transiently with a latestage assembly intermediate of CytcO to modify the protein [7] . This interaction is proposed to alter the enzymatic properties of the CytcO [7] , but the effect is not understood at a molecular level. In a recent study, we showed that the removal of the Rcf1 protein results in two populations of CytcO: one that is inactive and one that is essentially fully active [6] . However, in our earlier study, we could not point to the site that was inactivated by removal of Rcf1. On the basis of results from another study, Hayashi et al. [8] proposed that structural changes occur around heme a upon removal of the homologous Higd1A protein, which suggested that changes around this heme could be responsible for inactivation of CytcO in the rcf1D mitochondria.
Here, we studied effects of binding of cyanide to wild-type and rcf1D mitochondria to investigate functional consequences of the rcf1 deletion on CytcO. Cyanide specifically inhibits CytcO by binding to the catalytic site of this enzyme. The structure of the oxidized bovine CytcO with bound cyanide indicates that the CN À ion bridges between the iron of heme a 3 and Cu B [9] . In the past, binding of cyanide to the CytcO catalytic site has been used as a probe for its structure. For example, two forms of the CytcO were identified, which display differences in cyanide binding, presumably related to the configuration of ligands at the catalytic site [10, 11] . Our data suggest that cyanide binding to CytcO in rcf1D mitochondria was weaker than in wild-type mitochondria, which points to structural changes at the catalytic site of CytcO as a result of rcf1 deletion.
Materials and methods

Materials
Chemicals were purchased from Sigma Aldrich (Merck KGaA, Darmstadt, Germany), except for Zymolyase À20 T (from Arthrobacter luteus), which was purchased from Nacalai Tesque (Kyoto, Japan). Yeast strains were purchased from Euroscarf (Frankfurt, Germany).
Strains and growth conditions
Both the wild-type and rcf1D strains were S. cerevisiae BY4741 carrying the following deletions: wild-type (Mat a; his3D1; leu2D0; met15D0; ura3D0) and rcf1D (Mat a; his3D1; leu2D0; met15D0; ura3D0; YML030w::kanMX4). Deletions were confirmed using PCR. Cultures were grown at 30°C in standard YP medium (at pH 5.4), supplemented with 2% galactose under vigorous shaking. In cases where 2% glycerol was used instead of galactose for growth of the wild-type strain, this is specifically indicated in the text.
Preparation of mitochondria
The protocol for preparation of mitochondria was essentially the same as that described in Meisinger et al. [12] with some modifications. Briefly, after harvest (3000 g, 5 min, 4°C), cells were incubated in 100 mM TRIS-base at pH~10 and 10 mM DTT for 10 min, followed by washing in 1.2 M sorbitol and thereafter incubated for~60 min, at 30°C while shaking, in a zymolyase buffer (1.2 M sorbitol, 20 mM KP i pH 7.4, zymolyase (3 mgÁg À1 wet weight). For homogenization, spheroplasts were then spun at 3000 g, resuspended in 6.5 mLÁg À1 wet weight of buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM PMSF, 0.6 M sorbitol), and broken using a glass Teflon homogenizer (10 times). The homogenized spheroplasts were centrifuged (3000 g, 5 min, 4°C), the pellet homogenized once more, centrifuged, the two supernatants were pooled and spun once more. The sample was then centrifuged (17 000 g, 12 min, 4°C) and the pellet resuspended in 20 mM HEPES-KOH (pH 7.4) and 0.6 M sorbitol, frozen in liquid nitrogen, and stored at À80°C until use. The inner mitochondrial membranes were prepared by washing intact mitochondria three times (10 000 g, 10 min, 4°C) in 20 mM HEPES-KOH (pH 7.4) and 60 mM sorbitol, to remove the outer membranes.
Steady-state activity and spectral analyses
Absorbance spectra were first recorded with the 'as isolated' and ferricyanide-oxidized (3 mM) mitochondria. After confirming that the former was fully oxidized, potassium cyanide (KCN) at 3 mM was added in the absence of ferricyanide. Next, ascorbate was added (typically 4 mM, no further changes were observed up to 30 mM).
When measuring absorbance changes as a function of time at single wavelengths, cyanide (3 mM) was added first to the mitochondria. After~10 min incubation, a baseline was recorded. Then, ascorbate and dithionite were added consecutively. The final CytcO concentration was typically in the range of 0.05-0.1 lM.
The oxygen reduction rate was measured using a Clarktype oxygen electrode (Hansatech Instruments Ltd, Pentney, UK) in a volume of 1 mL. The baseline activity was recorded for buffer (20 mM HEPES-KOH, pH 7.4, 60 mM sorbitol, and 0.1 mM EDTA) including ascorbate (5 mM) and TMPD (0.5 mM), after which mitochondrial inner membranes were added thereby initiating the reaction. Then, KCN (0.5 mM) was added at a time point when the oxygen concentration was still high enough not to be rate limiting for turnover. The concentration of CytcO was determined from the reduced-minus-oxidized absorbance change at 605 nm, using an absorption coefficient of 24 mM À1 Ácm À1 . The typical CytcO concentration was in the range 5-10 nM.
Results
To investigate cyanide binding at the CytcO catalytic site, we monitored absorbance difference spectra of the wildtype and rcf1D mitochondria after addition of 3 mM KCN, using the absorbance spectrum of the 'as isolated' mitochondria as a reference (see Materials and methods).
As seen in Fig. 1A ,B (blue difference spectra), the absorbance increased at~605 nm and 445 nm (reduction of hemes a and a 3 ) and 550 nm indicating that inhibition of CytcO by cyanide resulted in accumulation of reductive equivalents in the respiratory chain. These reductive equivalents were present in the mitochondrial preparation and were sufficient to reduce the hemes of the respiratory chain when CytcO was blocked by cyanide. Binding of KCN to the oxidized catalytic site of CytcO (heme a 3 ) yields a peak at~430 nm [13] , but the absorption coefficient of this process is small (~20 mM
) and of similar magnitude as a negative contribution from a reduction of heme a [14] at the same wavelength. Consequently, the autoreduction of the respiratory chain heme groups by the inherent reductive pressure of the preparation presumably masks binding of CN À to the oxidized heme a 3 . Next, we added ascorbate and monitored a new difference spectrum using the previous difference spectrum (colored in blue in Fig. 1A,B) as a reference. The double difference spectrum obtained after addition of ascorbate (Fig. 1A ,B, red) thus reflects further reduction of the hemes, that is, a population that was not autoreduced by the reductive equivalents present in the mitochondrial preparation. As seen in Fig. 1A (red spectrum), with the wild-type mitochondria, a very small additional increase in absorbance was observed at 605 nm and no changes were observed at 445 nm, indicating that heme a was already reduced prior to addition of ascorbate (c.f. the blue spectrum) and that heme a 3 remained oxidized with bound cyanide.
In contrast, with the rcf1D mitochondria (Fig. 1B , red spectrum), we observed a further increase in absorbance at 605 nm and at 445 nm upon addition of ascorbate. This observation indicates that, unlike in the wild-type mitochondria, in the rcf1D mitochondria, heme a remained partly oxidized upon addition of only cyanide (blue spectrum).
It should be noted that the reduced-oxidized difference spectrum obtained after addition of dithionite (Fig. 1C) was altered in the rcf1D mitochondria, particularly around 600 nm. These changes presumably reflect a population of CytcO that is inactive (see Discussion).
In summary, these data indicate that upon addition of cyanide to the wild-type mitochondria, the CytcO catalytic site was blocked and heme a was reduced. With the rcf1D mitochondria, the extent of heme a reduction was lower, which indicates that the heme a midpoint potential was lower and/or with the rcf1D mitochondria, CytcO was not blocked to the same extent by addition of cyanide (see Discussion below).
Next, we followed in time, heme absorbance changes at 605 and 432 nm upon consecutive addition of ascorbate and dithionite in the presence of KCN (Fig. 2) . Absorbance changes at 605 nm reflect mainly redox changes at heme a, while 432 nm is approximately in The blue difference spectrum was obtained after addition of KCN to wild-type (A) or rcf1D (B) oxidized 'as isolated' mitochondria (denoted 'ox' in the graphs) and it mainly reflects autoreduction of the heme groups. The red double-difference spectrum was obtained upon addition of ascorbate ('asc') to mitochondria containing KCN, using the blue difference spectrum as a reference, that is, it reflects the incremental reduction of a population that was not autoreduced upon addition of only KCN. (C) The difference spectra were obtained upon addition of dithionite to the mitochondrial preparations (no KCN added). The data in the wavelength range > 580 nm (indicated with a solid line) have been multiplied by a factor of 10. Experimental conditions: 20 mM HEPES-KOH at pH 7.4, 60 mM sorbitol, and 0.1 mM EDTA. Where applicable, 3 mM KCN and ascorbate were added (see Materials and methods for details). The difference spectrum of the dithionite-reduced mitochondria was obtained after addition of a volume of 5 lL to a 150 lL sample from a concentrated solution that was prepared by adding a few grains of sodium dithionite to 1 M HEPES-KOH.
the middle of the broad absorbance peak in the difference spectrum (Fig. 1) , mainly attributed to heme b. In addition, binding of CN À to the oxidized heme a 3 could be monitored at this wavelength where the heme a 3 -CN complex exhibits a peak [13] . Cyanide was added to wild-type and rcf1D mitochondria, incubated for 10 min while recording the binding of CN À , after which a baseline was monitored for~3 min (not shown in Fig. 2 ). Addition of ascorbate to the wild-type mitochondria resulted in a rapid absorbance increase at both 432 and 605 nm, followed in time by a slower increase (Fig. 2) . This increase in absorbance is associated with a reduction in hemes a and b when the catalytic site of CytcO is blocked by CN À . Addition of dithionite resulted in a further increase in absorbance. Also, in this case, a rapid change was followed in time by a slower increase at both 432 and 605 nm. When the same experiment was repeated with the rcf1D mitochondria, the initial increase in absorbance upon addition of ascorbate was smaller than that observed with the wild-type mitochondria (Fig. 2) . Furthermore, the initial increase was followed in time by a slower decrease at 432 nm over a time range of 8 min. The smaller increase in absorbance and the following decrease at 432 nm are indicative of a competing reoxidation of heme b after the initial reduction, which suggests that a fraction of the respiratory chain in the rcf1D mitochondria remained uninhibited in the presence of cyanide. Upon addition of dithionite to the rcf1D mitochondria, we observed a larger relative increase in absorbance than with the wild-type mitochondria. However, at 432 nm, the absorbance then decreased slowly, which indicates that after exhaustion of the reductant, the respiratory chain became gradually reoxidized. A slow, less pronounced decrease was also observed at 605 nm.
To determine the activity of CytcO in the mitochondrial membrane, we measured the O 2 -reduction rate upon addition of ascorbate. This rate was normalized to the reduced minus oxidized absorbance difference at 605 nm. As observed previously (see above), the activity was a factor of 2-3 lower with the rcf1D strain than with the wild-type strain. Typical values werẽ 200 e À per second and~70 e À per second for the wild-type and rcf1D mitochondria (when the former was grown on glycerol while the latter on galactose, [6] ), respectively. As these rates varied in different preparations and depending on carbon source used for cell growth, we only determined the rate ratio after and before addition of cyanide; the remaining activity upon addition of 0.5 mM KCN was 9 AE 4% (two preparations, two measurements with each) and 22 AE 4% (two preparations, one and two measurements, respectively) for the wild-type and rcf1D mitochondria. Care was exercised to assure that the background O 2 -reduction rate in the absence of mitochondria was significantly smaller than that in the presence of mitochondria with KCN added.
Discussion
We have investigated the effect of cyanide addition on the activity of the respiratory chain in S. cerevisiae mitochondria from the wild-type strain and a strain in Time (min) Fig. 2 . Absorbance changes associated with a reduction of the wild-type and rcf1D mitochondria as a function of time. Data were recorded at 432 nm (A) and 605 nm (B). Cyanide (3 mM) was added and the sample was incubated for~10 min (not shown in the graph). A baseline was recorded for a few minutes (negative time in the graph). Ascorbate was added at t = 0 and the absorbance was recorded for 7-8 min. Next, dithionite was added as indicated. Note that the absorbance changes at 432 nm and 605 nm were recorded with different preparations, that is, with different enzyme concentrations (the 432-nm data were recorded with a wild-type strain grown on glycerol). Hence, only relative changes in absorbance can be compared. Experimental conditions: 20 mM HEPES-KOH at pH 7.4, 60 mM sorbitol, 0.1 mM EDTA, 30 mM ascorbate, and dithionite (5 lL of a stock made of a few grains sodium dithionite dissolved in 1 M HEPES-KOH).
which the Rcf1 protein was removed genetically (rcf1D). Results from earlier studies have shown that the activity of CytcO in the rcf1D mitochondria was significantly lower than that in the wild-type mitochondria [2] [3] [4] 6] . In a recent study, Garlich et al. [7] suggested that during assembly of the S. cerevisiae CytcO, the Rcf1 protein binds transiently to an intermediate of the protein complex, which indicates that in the absence of Rcf1, a fraction of the CytcO may be incorrectly assembled. Furthermore, data from our earlier study [6] indicated that the lower activity of CytcO in rcf1D mitochondria reflected the presence of two CytcO populations: one that is fully active (~30%) and one that is inactive. However, we could not distinguish between effects on hemes a and a 3 , respectively. The aim of the present study was to investigate the functional properties of CytcO in the absence of Rcf1 and to identify the structurally altered site in rcf1D CytcO. As seen in Fig. 1A , addition of cyanide to wild-type mitochondria resulted in autoreduction in the respiratory chain (blue spectrum in panel A). The situation differed with the rcf1D mitochondria where less reduction was observed upon addition of cyanide and heme a was significantly more reduced upon addition of ascorbate (Fig. 1B, c. f. blue and red traces). We offer two possible explanations for this functional difference: (a) the midpoint potential of heme a is lower with the rcf1D than with the wild-type mitochondria [6] , (b) with the rcf1D mitochondria electrons leak to O 2 also in the presence of cyanide, suggesting structural changes at the catalytic site.
The data in Fig. 2A show that upon addition of ascorbate, the reduction levels of hemes b and a were lower with the rcf1D than with the wild-type mitochondria. The lower extent of heme a reduction with rcf1D mitochondria ( Fig. 2A) could be explained by a lower midpoint potential of heme a. However, a change in the midpoint potential of heme a alone cannot explain the data in Fig. 2B , which show that in the rcf1D mitochondria, the steady-state level of reduced heme b upon addition of ascorbate was lower with the rcf1D than with the wild-type mitochondria. Furthermore, after the initial increase in absorbance at 432 nm, associated with a reduction of heme (mainly heme b), we observed a further increase in absorbance with the wild-type mitochondria, but a decrease in absorbance with the rcf1D. These observations indicate oxidation of heme b in the presence of cyanide with the rcf1D mitochondria.
In this context, it should be noted that the main contribution at 432 nm under the conditions used in our experiments is from the cyt. bc 1 complex and the activity of this complex remains intact in the rcf1D mitochondria [6] . Consequently, any differences between the wild-type and rcf1D mitochondria are assumed to originate from mutation-induced changes in CytcO. We speculate that in the rcf1D mitochondria, CytcO is less inhibited than in the wild-type, even though we cannot exclude that also heme a has a lowered midpoint potential in the former.
As discussed above, the fractional, residual O 2 -reduction activity was larger with the rcf1D than with the wild-type mitochondria. As a consequence, the activities after addition of KCN were similar for the Fig. 3 . Model illustrating the conclusions. The blue and gray rectangles are CytcO and Rcf1, respectively. The circles illustrate the four redox sites of CytcO where black and gray represent a fully and partly reduced site, respectively. The CytcO in wild-type mitochondria is relatively homogenous and inhibited by cyanide resulting in a reduction in heme a and Cu A . Genetic removal of Rcf1 yields one fraction CytcO that is inactive (not shown in the figure) and one active. The active fraction consists of two populations; one that is inhibited by cyanide and one resistant to cyanide, illustrated by a dotted line (c.f. also blue and red difference spectra, respectively, in Figure 1 ). In the latter population, electrons are transferred from cyt. c to reduce O 2 at the catalytic site also in the presence of CN À .
wild-type and rcf1D mitochondria (~20 s À1 ). Hence, there is a possibility that both the wild-type and rcf1D mitochondria would be fully inhibited by cyanide and that the remaining activity is not associated with the CytcO. However, the conclusion that rcf1D mitochondria were less inhibited by KCN than the wild-type mitochondria is also supported by the data in Figs 1  and 2 . Here, upon addition of cyanide to the wild-type mitochondria, we observed about the same degree of reduction in heme a without and with ascorbate (c.f. absorbance changes at 605 nm, Fig. 1A ). When the same experiment was repeated with the rcf1D mitochondria, we observed that~40% of heme a remained oxidized before addition of ascorbate (c.f. absorbance change at 605 nm, Fig. 1B) . Furthermore, as already indicated above, the data in Fig. 2A indicate reoxidation of heme b, upstream of the CytcO, with the rcf1D, but not with the wild-type mitochondria.
The crystal structure of the bovine oxidized CytcO shows that the CN À ion bridges between the two metal centers of the catalytic site of CytcO [9] . Weaker binding of CN À may, for example, be a consequence of an increase in the distance between the heme a 3 iron and Cu B , which is normally~5 A [15] . Changes at Cu B upon removal of Rcf1 were also suggested on the basis of studies of CO binding to the reduced CytcO in rcf1D mitochondria [6] .
The data indicate that genetic deletion of Rcf1 yields CytcO in which the structure of the catalytic site is altered such that a CytcO fraction becomes inactive and a fraction is active, but with an altered reactivity toward cyanide. We also note that, even though Rcf1 is a key player in the formation of supercomplexes, genetic removal of Rcf1 is not unlikely to alter the CytcO itself (see also [2] [3] [4] ).
In conclusion, we studied interactions of cyanide with wild-type and rcf1D mitochondria as a tool to probe the functionality of the CytcO catalytic site. The data indicate that in the rcf1D mitochondria, the CytcO population is composed of three subpopulations: (a) inactive CytcO in which the Cu B site may be altered or is lost (c.f. the altered difference spectrum in Fig. 1C), (b) active, but not inhibited by cyanide, and (c) fully active and inhibited by cyanide, that is, intact CytcO (see Fig. 3 ). Alternatively, a fraction active CytcO may display a weaker binding of CN À in rcf1D than in wild-type mitochondria.
These variants are suggested to be present in both wild-type and rcf1D, but the populations with an altered catalytic site are suggested to be present at a large fraction only in the latter. Collectively, the structural changes caused by the removal of Rcf1 result in slowed O 2 reduction.
